Striatal dopamine (DA) is involved in various motor and sensorimotor functions. Extensive depletion of striatal DA in rats produces aphagia, adipsia, and akinesia and reduces responsiveness to various sensory stimuli (Ungerstedt, 197 1; Marshall et al., 1974; Stricker and Zigmond, 1976) yet despite the considerable volume of research in this area, it is not clear how DA in specific striatal subregions is involved in different aspects of motor control. Considerable evidence indicates that the striaturn of the rat, like the caudate and putamen in primates, is functionally heterogeneous and that the lateral striatum is particularly involved in aspects of motor and sensorimotor function. The decreases in food intake and feeding efficiency produced by forebrain DA depletion were correlated with depletion of DA in the lateral, but not the medial, striatum (Salamone et al., 1990~) . Depletions of DA in lateral striatum produced by intrastriatal injections of 6-hydroxydopamine (6-OHDA) decreased responsiveness to cutaneous stimuli (Dunnett and Iver-sen, 1982; Fairley and Marshall, 1987) and have been shown to impair forelimb reaching (Evenden and Robbins, 1984; Sabol et al., 1985; Whishaw et al., 1986) . Ibotenic acid lesions of the lateral striatum produced deficits in food handling and biting (Pisa, 1988a,b) . It has been suggested that the lateral striatum of the rat is somatotopically organized (Pisa, 1988a; Pisa and Schranz, 1988) and that the ventrolateral striatum is involved in oral and forelimb motor control (Kelley et al., 1988 (Kelley et al., , 1989 Pisa and Schranz, 1988; Salamone et al., 1990a) .
Another important consideration is the extent to which depletion of DA in rats can be used to model symptoms of human parkinsonism. The decrease in locomotor activity produced by DA depletion in rats is reversible with the antiparkinsonian drugs L-dopa (Uretsky and Schoenfeld, 1971 ) and atropine (Schallert et al., 1978) . In addition, DA-depleted rats that are akinetic still can exhibit motor responses to intense stimuli (Marshall et al., 1976; Keefe et al., 1989) which is similar to the paradoxical kinesia shown by parkinsonian patients (Schwab and Zieper, 1965) . These data indicate that the akinesia shown by DA-depleted rats has some of the characteristics of human parkinsonism. However, another important symptom of Parkinson's disease is involuntary movements, such as tremor. Thus far, there have been very few reports of tremor in DA-depleted rats (e.g., Buonamici et al., 1986) .
Oral movements have been observed in rats treated with DA antagonists (Iversen et al., 1980; Rupniak et al., 1983 Rupniak et al., , 1985 Rupniak et al., , 1986 Johansson et al., 1986; Ellison et al., 1987; Ellison and See, 1989; Salamone et al., 1990b) . In addition, similar oral movements are produced by cholinomimetic drugs (Rupniak et al., 1983; Salamone et al., 1986 Salamone et al., , 1990a . The most prominent behavior is "vacuous chewing," a rapid jaw movement not directed at any particular stimulus. These movements tend to occur in rapid, repetitive bursts in which the lower jaw oscillates vertically (Salamone et al., 1986, 199Oa) . There is considerable debate about the relation between vacuous chewing in rats and human movement disorders (Rupniak et al., 1986; Waddington and Molloy, 1987; Ellison and See, 1989; Kelley et al., 1989; Stoessl et al., 1989; Salamone et al., 1990a; Waddington, 1990) and some researchers have suggested that vacuous chewing is related to tardive dyskinesia (Ellison and See, 1989) or acute dystonia (Rupniak et al., 1986) . However, Salamone et al. (199Oa) observed that vacuous chewing in rats shares characteristics with human parkinsonian symptoms. Vacuous chewing can be induced by acute or subchronic administration of DA antagonists (Glassman and Glassman, 1980; Rupniak et al., 1985; Salamone et al., 1990b) . Both vacuous chewing and parkinsonism can be produced or exacerbated by cholinomimetic drugs (Duvoisin, 1967; Rupniak et al., 1983 Rupniak et al., , 1985 Harbaugh et al., 1984; Noring et al., 1984; Salamone et al., 1986) . Because idiopathic Parkinson's disease is related to striatal DA depletion, it would be useful to determine if striatal DA depletion in rats can induce vacuous chewing movements.
The present studies were undertaken to determine if localized depletion of DA by intrastriatal injections of 6-OHDA could impair motor function and induce vacuous chewing movements. Injections of cholinomimetic drugs into the ventrolateral striatum (VLS) were shown to induce vacuous chewing (Kelley et al., 1989; Salamone et al., 1990a) , and an initial report from our laboratory has indicated that DA depletion in the VLS also produces vacuous chewing (Salamone et al., 1990b) . In the present series of studies, three striatal sites were studied: the VLS, the anteroventromedial striatum (AVMS), and the dorsolateral striatum (DLS). Behavioral measures included locomotor activity, food intake, vacuous chewing movements, and rearing. In the final phase of the experiment, all rats received injections of haloperidol (HP) to study the combined effects of DA depletion and pharmacological blockade.
Materials and Methods
Animals. The subjects were male Sprague-Dawley rats obtained from Blue Spruce Farms (Altamont, NY) and weighed 350-450 gm. The colony in which they were housed provided a stable room temperature and a 12 hr light/l2 hr dark cycle. All testing was performed 4-8 hr after the onset of the light cycle. The animals were maintained with food and water ad libitum. Rats with reduced food intake after surgery were fed sweetened wet mash for brief periods (l-2 hr) in order to maintain normal weights.
Drugs. HP was obtained from Sigma Chemical Co. and was dissolved in 0.3% tartaric acid vehicle. For control injections, rats received injection of tartaric acid vehicle alone.
Surgery. 6-OHDA HBr was dissolved in 0.1% ascorbic acid solutions to prevent oxidation. Prior to surgery, all animals were placed under pentabarbital anesthesia. Bilateral injections ofeither 6-OHDA or ascorbic acid solutions were delivered via 30 ga tubing that was connected to a Hamilton microsyringe with polyethylene tubing. Plow rate for the injections was 0.75 rl/min, which was controlled by a Harvard Apparatus syringe pump. Injection volumes were 2.5 ~1 per hemisphere with the 6-OHDA solution containing 4.0 pg/rl of the free base (10 rg of 6-OHDA per side). Control animals were injected with 2.5 ~1 per hemisphere ofthe ascorbic acid vehicle. Stereotaxic placements of the injector tips were at the following coordinates: VLS: AP 1.6 mm, L k4.0 mm, V 7.2 mm from the skull; DLS: AP 1.6 mm, L t3.0 mm, V 4.2 mm from the skull; AVMS: AP 2.2 mm, L r2.0 mm, V 6.5 mm from the skull (incisor bar was raised 5.0 mm above interaural line). Rats received intrastriatal injections of 6-OHDA into either the VLS (n = 9), the AVMS (n = 9), or the DLS (n = 9), and rats in the control group were injected with ascorbic acid vehicle (n = 9, 3 per site).
Behavioralobservations. Body weight and daily food intake (correcting for spillage) was recorded for the first 7 d after surgery. In any rats that received wet mash, the mash was given in the l-2 hr period in the afternoon during which the lab chow was being weighed, and the mash was taken away when weighed amounts of lab chow were placed back in the home cage. On the third day after surgery, rats were tested for locomotor activity in an automated chamber constructed in the laboratory. The chamber was a Plexiglas box (25 x 25 x 25 cm) with two rectangular floor panels, and movements of the rats that moved the floor panels were registered by microswitches and electromechanical counters. Activity counts were recorded in five 4 min intervals for a server who was unaware of the experimental condition. Animals were observed on days 5, 7, and 9 after surgery in 10 min sessions. Rearing responses also were recorded in these observation periods. Behavioral observations were conducted prior to the weighing of food and the presentation of mash on that day.
Eficts ofhaloperidol. The animals were administered 0.4 mg/kg HP or 1 .O ml/kg tartaric acid vehicle on days 13 and 18 after surgery, with all rats receiving both treatments in a randomized order. The effects of drug treatment on vacuous chewing and rearing responses were assessed by an observer who was blind to the experimental condition. All rats were observed in 10 min sessions 50-60 min after injection.
HPLC assays for dopamine. Rats were assayed to assess the effects of 6-OHDA on tissue levels of DA. After the termination of the experiment, rats were decapitated, and the brains were removed immediately and placed in ice water. The brains were frozen and cut into 0.7-mm-thick coronal sections using a freezing microtome. Hollow stainless-steel tubing (16 ga) was used to cut cylindrical sections from the nucleus accumbens. AVMS. VLS. and DLS for assavs. These samples were placed in 20b ~1 of 0.1 N'perchloric acid solution and homogenized. The homogenized sample was centrifuged, and the supernatant was used for neurochemical analysis using an HPLC system (Waters pump, reverse-phase column, Coulochem electrochemical detector, chart recorder). Standards of DA were assayed before, during, and after the samples to calculate nanogram quantities of DA per milligram of wet tissue.
Statistical analysis. Data from this experiment were analyzed using a factorial ANOVA with repeated measures. Newman-Keuls multiple comparisons were used for post hoc analysis of data. Data on DA levels were assessed by simple ANOVA within each brain region assayed. Pearson product-moment correlation coefficients were also used to assess relations between feeding (total food intake), vacuous chewing (total number of chews on days 5, 7 and 9), rearing (total rears), locomotor activity (total activity counts), and neurochemical data (DA levels in each region).
Results
Food intake Daily food intake was affected by injections of 6-OHDA (Fig.  1) . ANOVA showed that there was a significant treatment effect [F(3,32) = 11.5; p < O.OOl], a significant effect of observation days [F(6,192) = 34.9; p < O.OOl], and a significant group x day interaction effect [F( 18,192) = 2.2; p < 0.011. Post hoc comparisons showed that rats with VLS DA depletion differed significantly from control rats on days 1-4, but rats with AVMS and DLS placements did not differ from control rats. Observations of the rats during feeding indicated that rats with VLS DA depletions attempted to eat but had difficulty manipulating and biting large dry food pellets. Even the most severely impaired rat with VLS DA depletion in our study was capable of maintaining its body weight by consumption of wet mash, and none of the rats required tube feeding. Figure 2 shows the results of the locomotor activity test. There was no overall difference in locomotor activity counts between groups [F(3,32) = 0.86, NS], but there was a significant effect of time interval [F(4,128) = 34.5; p < O.OOl], and a significant group x interval interaction [F( 12,128) = 2.5; p < 0.011. Post hoc analyses indicated that there was a significant increase in activity in rats with VLS injections of 6-OHDA relative to control rats in the first 4 min period. . Post hoc tests showed that animals with VLS DA depletions differed significantly from controls on all test days, whereas animals with AVMS and DLS placements did not. Forelimb and cheek tremors also were observed in many of the animals that had received 6-OHDA injections in the VLS, and it was noted that rats showing higher levels of vacuous chewing were most often the same rats that exhibited other symptoms of tremor. Within large bursts of chews, it was estimated that the local frequency of chewing responses was approximately 4 Hz. The rearing data for all observations are shown in Figure 4 . The results of ANOVA revealed a significant treatment effect [F(3,32) = 8.8; p < 0.011, but no effect of observation days [F(2,64) = 1.0, NS] and no significant group x day interaction [F(6,64) = 0.2, NS]. Post hoc analysis demonstrated that the rats with DLS placements showed a significant suppression of rearing, whereas the other two placement groups did not.
Locomotor activity

Effects of haloperidol
Systemic administration of HP increased vacuous chewing in all four experimental groups (Fig. 5) . ANOVA results showed that there was a significant effect of experimental group on vacuous chewing [F(3,32) = 7.1; p < 0.011, and there was a significant effect of HP administration on chewing [F( 1,32) = 69.9; p -C O.OOl]. There was no significant group x drug interaction effect [F(3,32) tion and HP administration produced a pronounced facial tremor in addition to high levels of vacuous chewing.
Rearing was suppressed in all three experimental groups after HP administration. Mean (+SEM) numbers of rears after vehicle or HP treatment were as follows: vehicle-control, 23.5 (3.6); VLS, 23.8 (3.8); AVMS, 18.4 (3.9); DLS, 11.7 (2.1); haloperidokontrol, 3.0 (2.0); VLS, 3.6 (2.0); AVMS, 2.6 (1 .O); DLS, 0.8 (0.33). ANOVA indicated that while there was no significant difference between experimental groups [F(3,32) = 2.2, NS], HP administration significantly decreased rearing behaviors in all three experimental groups (F( 1,32) = 10 1.7; p < 0.00 1). There was no interaction effect between experimental group and HP administration [F(3,32) = 1.9, NS]. Among all 27 rats that HPLC assays Figure 6 shows approximate locations of 6-OHDA injection sites. Tissue assay data (Table 1) tion of DA in VLS, as well as impairing normal motor function, can induce vacuous chewing movements. Table 2 is a correlational matrix for several behavioral and neurochemical parameters in all 27 rats that had received injections of 6-OHDA. Among all DA-depleted rats, DA levels in VLS were positively correlated with food intake and negatively correlated with vacuous chewing. In addition, food intake and vacuous chewing were inversely correlated with each other. Within the group of nine rats that had received VLS injections of 6-OHDA, there was a significant correlation between food intake and chewing (r = -0.83; p < 0.01) a significant correlation between DA levels in VLS and vacuous chewing (r = -0.75; p < 0.01) and a significant correlation between DA levels in VLS and food intake (r = 0.70; p < 0.01). Although rats with VLS injections of 6-OHDA had dopamine depletions in DLS as well as VLS, there was neither a significant correlation between DLS DA and vacuous chewing in this group (r = -0.4 1, NS), nor a significant partial correlation between DLS DA levels and chewing when the analysis controlled for VLS DA levels (r = -0.49, NS).
Correlational analyses
Discussion
Although the rats with VLS DA depletion showed increases in vacuous chewing and impairments in feeding, these rats were not akinetic. They showed no deficits in spontaneous locomotor activity, and in fact were more active than control rats in the early part of the activity test session. Rats with VLS DA depletion also had no significant reduction in rearing behavior, and DA levels in VLS were inversely correlated with rearing (Table 2) . Among all DA-depleted rats, rearing was positively correlated with vacuous chewing on days 5, 7, and 9 (Table 2) and also after HP injection. These data indicate that the induction of vacuous chewing in rats with VLS DA depletions is not an artifact that is produced by a general decrease in movement (Levy et al., 1987) . Also, the present results indicate that akinesia is dissociable from impairments in feeding, because rats with VLS DA depletion had deficits in feeding but not locomotion or rearing. In the present study, there was no site at which 6-OHDA injection produced a significant decrease in locomotor activity. It has been demonstrated that large depletions of DA in nucleus accumbens can produce moderate but statistically significant reductions in spontaneous locomotor activity (Koob et al., 1978 (Koob et al., , 1981 . It is possible that there is no specific locus at which DA depletion produces near-total loss of spontaneous activity and that the akinesia that is observed after extensive forebrain DA depletion (e.g., Snicker, 1973, 1984; Marshall et al., 1976; Schallert et al., 1978) is related to the widespread nature of the DA depletions in those studies. Depletion of DA in the VLS caused pronounced motor imAlthough rats with VLS DA depletion showed reductions in pairments. These rats had deficits in daily food consumption food intake, these rats were not totally aphagic. Observations and showed significant increases in vacuous chewing responses.
of these rats indicated that these animals were attempting to eat Injections of 6-OHDA into the AVMS and the DLS did not but were inefficient in their feeding behavior. These findings are induce either of these effects. The only significant effect of DLS consistent with the report by Salamone et al. (1990~) that rats injections of 6-OHDA was to decrease rearing behavior. These recovering from extensive forebrain DA depletion showed defdata support the notion that the neostriatum of the rat is funcicits in feeding efficiency that were correlated with DA depletion tionally heterogeneous and that DA in the VLS is important for in the lateral, but not the medial, striatum. Recent work from oral motor control. Also, these results demonstrate that depleour laboratory indicated that rats with VLS DA depletions did not have a deficit in time spent feeding but did have deficits in the local rate of food intake, and problems with oral and forepaw usage during feeding (Rogers, 199 1) . In the present study, most rats with VLS DA depletions recovered food intake within a week after surgery, and all rats could maintain themselves on dry food by day 20 after surgery. These results are consistent with previous studies of recovery of function after near-total depletion of forebrain DA (Zigmond and Stricker, 1973; Stricker and Zigmond, 1976; Salamone et al., 1990~) . However, compared to rats with extensive DA depletions, rats with VLS DA depletions in the present study showed a feeding deficit that was relatively less severe, and a recovery of feeding that was somewhat more rapid. These differences may be related both to the magnitude and the extent of the DA depletions produced by local VLS injection of 6-OHDA. The functional heterogeneity of the neostriatum reflects the different inputs and outputs of each subregion. The AVMS placement used in the present studies overlaps with the striatal regions that receive input from medial and sulcal prefrontal cortex in the rat (Leonard, 1969; Beckstead, 1979; Divac and Diemer, 1980) . In contrast, the lateral striatum receives input from motor and sensory cortices (Webster, 196 1; Wise and Jones, 1977; Collins, 1978) . Considerable evidence indicates that the lateral striatum of rats and the putamen of primates are organized in a somatotopic manner (Alexander and Delong, 1985; Pisa and Schranz, 1988) . In primates, there is a ventral-dorsal gradient, with orofacial and forelimb motor control being localized in more ventral areas, and trunk and hindlimb control in more dorsal regions. In our studies of rats, the rearing deficit produced by DLS injections of 6-OHDA is consistent with the hypothesis that the DLS is involved in control of trunk and hindlimb motor control. The VLS of the rat is involved in motor control of oral (Kelley et al., 1988; Pisa, 1988a) and forepaw (Evenden and Robbins, 1984; Sabol et al., 1985; Whishaw et al., 1986; Pisa, 1988a) regions, both of which are important for food handling and consumption. Also, vacuous chewing responses in rats are related to neurochemical processes in the VLS. The VLS is the only subregion of striatum in which vacuous chewing is produced by physostigmine (Kelley et al., 1989) or pilocarpine (Salamone et al., 1990a) . In the present study, correlational analyses indicated that DA depletion in the VLS was closely related to the production of vacuous chewing but that DA depletion in AVMS and DLS was not. Because vacuous chewing responses can be produced by chronic administration of neuroleptics (Iversen et al., 1980; Ellison et al., 1987; Stoessl et al., 1989) , it could be argued that these responses are related to the development of DA receptor supersensitivity and could in fact represent a hyperactivity of DA transmission due to DA release onto these additional receptors. If DA release onto super-sensitive DA receptors was producing vacuous chewing in DA-depleted rats, then HP should have actually decreased vacuous chewing. In fact, blockade of DA receptors or depletion of VLS DA both increased vacuous chewing, and administration of HP to rats with VLS DA depletion resulted in still higher levels of chewing responses. These data are consistent with previous reports that intraventricular administration of 6-OHDA facilitated the vacuous chewing produced by chronic HP (Gunne et al., 1982) . Although it is possible that vacuous chewing can result from several different conditions, the present results indicate that reduced functional DA activity is associated with vacuous chewing.
Several lines of evidence suggest that vacuous chewing in rats shares some characteristics with human parkinsonian symptoms. Although parkinsonian tremor in humans usually involves the hand, there also are reports of up-and-down jaw movements, and movements that resemble mastication, in idiopathic and neuroleptic-induced parkinsonism (Sovner and Dimascio, 1977; Adams and Victor, 1981; Yassa and Lal, 1986) . The involvement of DA and ACh systems, as well as the interaction between these transmitters, is similar in human parkinsonism and vacuous chewing in rats. For example, vacuous chewing responses are produced or exacerbated by decreasing striatal DA levels (Gunne et al., 1982; Salamone et al., 1990b;  see also above), by acute or subchronic administration of DA antagonists (Glassman and Glassman, 1980; 
